Many life forms have unique organs that exhibit high deformability, maneuverability, and control. For example, most fish have a pectoral fin that can bend and twist in different ways to create various swimming motions, such as hovering and flapping[@b1][@b2][@b3]. Biomimicry has been a great inspiration to scientists and engineers. Materials and robotic systems have been developed over the last 25 years to reproduce the motion and abilities of life forms as best as possible[@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11]. Various projects have been able to demonstrate the ability to mimic these natural soft tissue systems, although only to a limited extent in terms of control and simplicity[@b12][@b13][@b14].

One common method to develop a multiple degrees-of-freedom actuator is to use mechanisms. Recently, robotics has emerged that are driven by hydraulic and pneumatic pressure. Marchese *et al.*[@b15] reported a soft-body robotic fish that can swim in three dimensions with its hydraulic actuator, which was driven by a gear pump. Tolley *et al.* developed a pneumatically powered soft robot with four flexible legs[@b16]. The robot could move under various conditions of terrain. Inspired by an elephant trunk, an actuator was developed for assistance in object handling[@b17]. This flexible robot, which was actuated pneumatically, could perform complicated deformations. On the other hand, many robotic systems with motor-driven actuators have been developed. For example, robotic arms with actuation having multiple degrees-of-freedoms have been studied for decades; these robotic arms could be driven by cables[@b18] or directly by motors[@b19]. Most actuators contain mechanisms that have large size and complex structures. Hence, their application is limited with regard to small-sized robots. Moreover, undesired motor noise could be produced when operating the system.

Major contributions to these studies have been made on smart materials, such as shape memory alloys (SMA), shape memory polymers (SMP), piezoelectric materials, ionic polymer actuators, and other artificial muscle devices and systems[@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28]. Another method to achieve complex deformation is to use the shape memory effects of polymers and alloys. SMPs and SMAs can recover their original shapes by means of external stimuli, such as thermal or electrical inputs[@b29][@b30]. Besides shape changing, however, most robotic systems require reciprocating motion, which enables them to propel themselves forward. Most SMPs respond to thermal change. They recover their shape over a relatively long period, and cannot respond instantaneously. This limits SMPs to be applied only for shape change; they cannot be used as fast dynamic actuators. A recent application example of SMPs involved a crawling robot with an origami structure, developed by Felton *et al.*[@b31]. The shape memory composites were utilized only during the folding process. Complex electronics were embedded to achieve the crawling motion, and the overall motion was driven by motors. Shape-memory effects also have been reported in ionic polymer materials, such as Nafion™. Xie presented a highly-tunable method of creating multiple shape-memory effects in an individual Nafion™ sample by fixing different shapes at several temperatures[@b32]. Rossiter *et al.* showed that actuators using a Nafion™-based ionic polymer-metal composite (IPMC) have shape-memory effects[@b33].

Another method involves using electro-mechanical transitions of smart materials, such as piezoelectric actuators or electroactive polymer actuators. Piezoelectric materials have been widely used as actuators on micro-robots, such as swimming and flying robots[@b20]. Many actuators have been developed using electroactive polymers. In particular, robots have been developed with ionic polymer-metal composites (IPMCs) as actuators and sensors[@b34][@b35][@b36][@b37][@b38][@b39][@b40]. For example, Palmre *et al.* developed a soft bio-inspired fin[@b41]. Complex deformation can be obtained by integrating IPMC actuators and by selectively actuating. However, most of the actuators perform a bending/oscillating motion near a neutral position. Maintaining a static position other than neutral due to hysteresis and creep in IPMCs[@b24] has been shown to be difficult. To date, no single actuator has been capable of dynamic control of complex twisting and bending deformations, either simultaneously or separately. For example, SMP actuators can exhibit complex deformation by means of electric or thermal inputs, but they cannot achieve multiple-input control simultaneously for independent control of twisting and bending motions[@b42][@b43].

This study introduces a multiple degrees-of-freedom soft multiple shape-memory polymer-metal composite (MSMPMC) actuator. Similar to the structure of IPMC actuators, the MSMPMC is composed of two or more electrodes separated by an ion-conductive polymer material ([Fig. 1a--c](#f1){ref-type="fig"}). Under an applied voltage, the transport of ions and water molecules as well as the associated electrostatic interactions within the polymer result in a bending deformation, which is the electro-mechanical actuation effect ([Fig. 1d,e](#f1){ref-type="fig"})[@b44]. The electro-mechanical actuation effect has the capabilities of resilience, inherent softness, and biocompatibility.

Shape memory polymers are materials that can memorize a permanent shape, and then later return to their original shape under specific conditions of external thermal, electrical, or other stimulation[@b45][@b46]. They have the advantages of high elastic deformation, low cost, low density, and potential biocompatibility and biodegradability. Nafion™, perfluorinated alkene with short side-chains terminated by ionic group of sulfonate, was shown to be able to 'memorize' multiple shapes under multiple temperature programming, which is the multiple shape-memory effect[@b32]. The Nafion™ has a broad glass transition temperature, which is from \~55 °C to \~130 °C. Assuming the original shape of Nafion™ is S0. When the Nafion™ is fixed with an extra load in shape S1, heated to programming temperature T~p1~ for three minutes and cooled to fixing temperature T~f1~ for one minute, the shape S1 is 'memorized' within the temperature range from T~p1~ to T~f1~. Upon reheating the Nafion™ to T~p1~, the Nafion™ can recover to shape S1. The broad glass transition can be divided into a series of individual glass switching transitions for each programmed shape. Different shapes S1, S2, S3 are heated to programming temperatures T~p1~, T~p2~, T~p3~ and cooled to T~f1~, T~f2~, T~f3~ respectively, where T~p1~ \> T~f1~ \> T~p2~ \> T~f2~ \> T~p3~ \> T~f3~. Multiple shapes S1, S2 and S3 are programmed at each individual temperature range T~p1~ \~ T~f1~, T~p2~ \~ T~f2~, T~p3~ \~ T~f3~. When the Nafion™ is reheated from T~f3~ to T~p1~, multiple shapes recovered at each temperature range through glass transition. The crystalline segments, which work as physical crosslinks, hold the programmed shapes during each glass transition. This multiple shape memory effect cannot be repeated. The multiple shape memory effect of a Nafion™ fiber is demonstrated in [Fig. 2](#f2){ref-type="fig"}. Since it is controlled by the thermal input, the multiple shape memory effect can also be seen as thermo-mechanical actuation effect.

Based on these two effects, which are electro-mechanical and thermo-mechanical actuation effect, the MSMPMC can perform deformation with multiple degrees of freedom. Several shapes can be programmed into MSMPMC material memory at various temperatures, which enables thermo-mechanical actuation effect. This type of actuator demonstrates high maneuverability by controlling two external inputs -- electrical input and thermal input - allowing the complex twisting, bending, and oscillating motions that are frequently observed in nature-made systems.

*Through the electro-mechanical actuation effect*, the actuator is able to perform high-frequency bending motions under external electrical input. *With the thermo-mechanical actuation effect*, the actuator can obtain stable, complex motion under external thermal inputs. Compared with the electro-mechanical actuation effect, the thermos-mechanical actuation effect occurs over a much longer timescale. The ability to control MSMPMC actuators by two external inputs, electrical and thermal, enables these devices to be used to perform highly complex motions, twisting, bending and oscillating simultaneously or separately. The twisting and bending motions are induced thermally and the oscillating motion is induced electrically. The bending motion and oscillating motion take place with the same rotation axis; previously, this could be realized only with existing actuator technologies by using multiple actuators or another complicated robotic system. Moreover, to the best of the authors' knowledge, the MSMPMC actuator presented in this paper is the first solitary actuator capable of multiple-input control and the resulting deformability and maneuverability.

Results
=======

Shape programming of MSMPMC
---------------------------

The MSMPMC sample is shown in [Fig. 3a](#f3){ref-type="fig"}. The length, width, and thickness of the MSMPMC are 51.81 mm, 10.49 mm, and 0.60 mm, respectively. The desired twisted shape of the MSMPMC was programmed prior to actuation. The broad glass transition temperature of the Nafion™ is \~55 °C to \~130 °C. The MSMPMC would be programmed and tested in deionized water and the boiling temperature of the water is 100 °C. Thus, the programming temperature of MSMPMC would be \~55 °C to \~100 °C. To program the shapes into the MSMPMC, it was wrapped around a metal rod and fixed. By heating to programming temperature *T*~1~ for three minutes and cooling to fixing temperature *T*~2~ for one minute, the shape was 'memorized' within the temperature *T*~1~ to *T*~2~. When the MSMPMC was reheated to *T*~2~, it would recover to the programmed shape through glass transition. Dual shapes were programmed using this process. For distancing the two glass transitions, the programming temperatures were chosen to be 85 °C, 60 °C and the fixing temperatures were chosen to be 70 °C and 22 °C, respectively. To program the first shape, the MSMPMC was heated to 85 °C for three minutes and cooled to 70 °C for one minute ([Fig. 3b](#f3){ref-type="fig"}) in deionized water. Then, the MSMPMC was deformed on the other side further using the same metal rod. To program the second shape, the MSMPMC was heated to 60 °C for three minutes and cooled to 22 °C for one minute ([Fig. 3c](#f3){ref-type="fig"}) in deionized water.

Deformation analysis of MSMPMC
------------------------------

[Figure 4](#f4){ref-type="fig"} shows the sequential photographs of an MSMPMC actuator in deionized water. A sinusoid AC voltage of 3.7 V initial amplitude and 1 Hz frequency was applied to the MSMPMC as external electrical input. An immersion heater was used to heat the deionized water as an external thermal input. To cover the programming temperature range, the water was heated from room temperature (22 °C) to 90 °C. As the water temperature increased, the MSMPMC gradually recovered to its previously programmed shapes.

During the experiments, oscillation of the actuator was noticed under the applied voltage. The MSMPMC gradually bent from the left side to the right side, as observed from the front view, and twisted in the clockwise direction, as observed from the top view. To measure the 3D deformation of the actuator, two cameras were used for recording, and image analysis was conducted. The tip of the MSMPMC was painted white to facilitate image analysis. Three points were tracked at two corners and the middle of the actuator tip. In general, the MSMPMC actuator performed twisting, bending, and oscillating motions simultaneously.

[Figure 5a](#f5){ref-type="fig"} shows the 3D track of MSMPMC in the middle of the tip. It was readily observable that the actuator deformed in a twisting and bending motion, resulting in a spiral motion of the tip. This was because the oscillation motion of the MSMPMC was perpendicular to the surface. Since the actuator was twisted and bended, it oscillated in 3D directions along its length, which resulted in the spiral motion of the tip. [Figure 5b](#f5){ref-type="fig"} shows the 3D motion of the MSMPMC tip position, including the bending and twisting motion.

Based on the results shown in [Fig. 5](#f5){ref-type="fig"}, the bending motion and twisting motion were analyzed separately. [Figure 6a](#f6){ref-type="fig"} shows the corresponding bending displacement of the MSMPMC. The bending displacement was obtained by calculating the displacement of the middle tip line point in the orthogonal direction. It can be seen that the MSMPMC performed a gradual but large bending motion, which resulted from thermal actuation via the thermo-mechanical actuation. This motion was combined with a higher-frequency, lower-displacement sinusoidal oscillation, which resulted from electro-mechanical actuation. From the thermal actuation aspect, a total bending displacement of 16.6 mm was measured with the temperature increasing from 34.9 °C to 84.3 °C. The time of the total bending is 268.6 s; From the electrical actuation aspect, the oscillation amplitude is approximately 0.13 mm in the orthogonal direction and the oscillation frequency is 1 Hz.

Along with the bending motion, a twisting motion was performed by the MSMPMC. [Figure 6b](#f6){ref-type="fig"} shows the twisting deformation of MSMPMC. The twisting angle was obtained by calculating the angle difference between the two end lines of the MSMPMC. As the temperature increased from 34.9 °C to 84.3 °C, the MSMPMC twisted by 36.6° due to the thermo-mechanical actuation. As the MSMPMC twisted, the electro-mechanical actuation effect resulted in an oscillation.

Electrical analysis of MSMPMC
-----------------------------

[Figure 7a,b](#f7){ref-type="fig"} show the applied voltage and output current of the MSMPMC during the experiments. A sinusoid voltage signal with an amplitude of 3.7 V and frequency of 1 Hz was applied to the MSMPMC. The MSMPMC was connected in series with a resistor in the circuit. It is interesting to note that as the temperature increased, the measured voltage response of the MSMPMC decreased from 3.7 V amplitude to 3.3 V amplitude. The voltage amplitude decreased by 10.8%. Meanwhile, the current increased from 217 mA amplitude to 374 mA amplitude. The current amplitude increased by 72%. One possible reason is that with the increasing temperature of the MSMPMC (see [Fig. 6](#f6){ref-type="fig"}), the resistance of the surface electrode decreased and the movement of the ion in the polymer increased. As a result, the total electrical impedance of the MSMPMC decreased and the total electrical resistance of the circuit decreased. The current of the circuit increased and the voltage on the MSMPMC decreased. [Figure 7c](#f7){ref-type="fig"} show the electrical impedance of MSMPMC. It can be seen that the electrical impedance shows an overall decrease from 16.3 Ω to 8.7 Ω as the temperature increases. The mechanical impedance change of MSMPMC has yet to be studied.

In addition, experiments were conducted to obtain the fixity and recovery rates of the MSMPMC. The MSMPMC was bended by wrapping around a cylinder, namely the fixed shape. The programming process is the same as previous. The first programmed shape *S*~1~ was programmed by heating to 85 °C and cooling to 70 °C. The second programmed shape *S*~2~ was programmed by heating to 60 °C and cooling to 22 °C. The MSMPMC recovered from *S*~2~ to *S*~1~ upon reheating above 70 °C. The deformation of the MSMPMC was measured through image analysis and the strain was derived based on the deformation. By comparing the strains of fixed shape and programmed shape, the fixity of *S*~1~ and *S*~2~ are obtained as 96.86% and 80.19% respectively. Through comparing the strains of programmed shape and recovered shape, the recovery rate of *S*~1~ is obtained as 89.83%.

Discussion
==========

This study successfully demonstrates for the first time that electro-mechanical and thermo-mechanical actuation can be separately performed on a single actuator, simultaneously. These multiple inputs, which is electrical and thermal inputs, allows for more complex control than before. The underlying physics of these two actuation properties of MSMPMC have been explored. It has a sandwich structure of a thin ion-exchange membrane with noble metal chemically plated on the surface as electrodes. With a voltage applied to the surface, the free cations and water molecules migrate from the anionic binding sites to the surface cathode electrode within the membrane[@b44]. The electrostatic interaction results in local swelling, which leads to the bending motion, and hence, the electro-mechanical actuation. The thermo-mechanical actuation of Nafion™ results from the destabilization of electrostatic interactions between ions; meanwhile, the temporary shapes are held by the crystalline segments of Nafion™ as physical crosslinks[@b45].

Based on [Fig. 7](#f7){ref-type="fig"}, it was found that temperature had an influence on the electro-mechanical actuation effect of the MSMPMC. The resistance of the MSMPMC decreased as the temperature increased. This property could be applied on the thermal feedback of the MSMPMC. By measuring the input voltage and output current of the MSMPMC, the resistance could be derived. Based on the resistance change, the temperature of the MSMPMC actuator could be obtained.

The actuator presented above demonstrated complex 3D deformation. The bending, twisting, and oscillating motions of the actuator could be controlled simultaneously or separately by means of thermal-mechanical and electro-mechanical actuations. These two separate actuations are significant properties of the presented actuator. Based on previous work, the Nafion™ has multiple shape-memory properties and can be programmed into multiple shapes[@b32] and then programmed by thermal or electric inputs[@b33]. One assumption is that the broad glass transition temperature could be regarded as the consecutive distribution of a series of glass transitions[@b46]. Within the range of the broad glass transition temperature, \~55 °C to \~130 °C, the Nafion™ could be programmed with multiple unique shapes, and recovered under different temperatures. By programming the actuator, complex shape change of the actuator could be achieved with thermal control, and the thermo-mechanical actuation could be used for overall structural deformation. Meanwhile, the MSMPMC could perform an oscillation motion by applying voltage on the surface electrodes. The actuation amplitude and frequency of the oscillation could be adjusted by changing the amplitude and frequency of input voltage. Thus, the electro-mechanical actuation of the MSMPMC could be utilized for locomotion.

In conclusion, a MSMPMC actuator with complex deformation capabilities was developed. The MSMPMC could be controlled separately by means of thermal and electrical inputs. It had the advantages of resilience and inherent softness; moreover, the electrical characteristics of the MSMPMC changed as the temperature changed. Potentially, it could be applied to medical devices and biomimetic robotics.

One potential application of MSMPMC is in underwater biomimetics, which has been studied for many years. The fish fins undergo considerable deformation, which enables the fish to generate propulsive forces and control body position. Robotic flapping foil devices were developed in order to understand the significance of flexible propulsive surfaces for locomotor performance[@b47]. A biomimetic fin was developed based on the monolithic fabrication of IPMC actuators[@b48]. Complex deformation modes can be produced. However, most of the devices contain complicated systems. MSMPMC can be used as a single actuator that performs similar deformations as does a fish fin. By programming MSMPMC to different desired shapes, and by controlling the thermal and electrical inputs, multiple degrees-of-freedom deformation of the actuator can be performed. There are three methods that can possibly be used to heat the actuator. The first method is adding another soft heating film on the surface of MSMPMC, such as Positive Temperature Coefficient (PTC) heating element. By controlling the input voltage on the heating film, the heating of the actuator can be controlled. The second method is induction heating. An additional layer of iron oxide nanoparticles will be plated on the surface of the actuator. Localized heating on the actuator can be generated by applying an alternating electromagnetic field. The third method is heating the water directly. An immersion heater with temperature feedback control will be used to heat and control the water temperature. Another potential application is the vessel catheter. Lei *et al.*[@b49] developed a tube-shaped IPMC; however, bending of the tube-shaped IPMC was limited due to the stiffness of the tube. With the MSMPMC, new catheters can be fabricated with large deformations of multiple degrees of freedom, a capability that can be utilized in complex vessel networks. A flexible heating wire will be inserted inside the catheter for thermal controlling. A layer of thermal insulation film will be covered on the surface of the catheter to insulate the heat conduction between the body and the catheter.

Methods
=======

Sample preparation
------------------

MSMPMC samples were prepared for the experiments. First, after roughening the surface of the Nafion™ -117 membrane sheet, the membrane was immersed in 3% hydrogen peroxide (H~2~O~2~) to eliminate organic impurities and in 1 M sulfuric acid (H~2~SO~4~) to remove the metallic impurities. Second, by immersing in a platinum complex solution (Pt(NH~3~)~4~Cl~2~·H~2~O) and then in a sodium borohydride solution (NaBH~4~), the membrane sheet was plated with the platinum metal (Pt) particles. To lower the surface resistance, the composite sheet was suspended in the Pt complex solution. Hydroxylamine hydrochloride (H~2~NOH·HCl) and hydrazine (NH~2~NH~2~·H~2~O) were added to the solution periodically. Finally, after the plating process, the sheet was soaked in a solution of lithium chloride for ion exchange. A more detailed procedure is presented by Kim *et al.*[@b50].

Experiments
-----------

[Figure 8](#f8){ref-type="fig"} shows the schematic of the experimental setup. The MSMPMC was submerged in deionized water of 22 °C. One end of the MSMPMC was fixed by a clamp. Voltages were applied on the MSMPMC through the clamp contacts. The voltages were provided by a signal generator (FG-7002 C, EZ Digital Co., Ltd) and amplified by a power amplifier (LVC-608, AE Techron, Inc.). An immersion heater (3656K169, McMaster-Carr) was used for heating the water. A thermal resistor (PRTF-11-2-100-1/8-6-E, Omega^®^) was used to measure the water temperature. The signals were measured through DAQ (NI SCB-68, National Instruments). The input voltage, current, and temperature were recorded simultaneously, using LabVIEW 8 Software. The MSMPMC was reheated from 22 °C to 90 °C.

The radius of the curvature *ρ*~*r*~ of the MSMPMC can be denoted as[@b51]

where *L* is the length and *δ* is the tip deformation of the MSMPMC. By relating the radius of the curvature *ρ*~*r*~ to strain *ε*, one can obtain

where *h* is the thickness of the MSMPMC. The fixity can be obtained by comparing the strains of fixed shape *ε*~*f*~ and programmed shape *ε*~*p*~

The recovery rate can be obtained by comparing the strains of programmed shape *ε*~*p*~ and recovered shape *ε*~*r*~

Image analysis
--------------

To measure the 3D deformation of the MSMPMC, image analysis was used. Two cameras were set at different positions and recorded the deformation of MSMPMC during the experiments. Using an open source MATLAB^®^ program developed by Hedrick[@b52], the videos from the two cameras were analyzed to measure the twisting angle and the bending deformation of the MSMPMC. Prior to imaging actuator deformation, the image analysis program was calibrated to a set coordinate frame. This was done by creating a coordinate frame specifically for the volume of space that the tank of water occupied. The videos were analyzed in the program along with the calibration coefficients file. Three points at the free end tip were tracked in the videos to determine the deformation and twist of the MSMPMC.

To calculate the bending deformation of the MSMPMC, the coordinates of the two corners *X*~*u*~, *Y*~*u*~ of the MSMPMC fixed end were measured as and . Another point *Z*~*u*~, which was in the same horizontal platform of *X*~*u*~, *Y*~*u*~ and not on the line *X*~*u*~*Y*~*u*~, was measured; the coordinate was . Assuming the projective point of *Z*~*u*~ on line *X*~*u*~*Y*~*u*~ is *A*~*u*~, *A*~*u*~'s coordinate, can be obtained by solving the following equations:

Line *X*~*u*~*Y*~*u*~ and line *Z*~*u*~*A*~*u*~ were orthogonal to each other, and line *Z*~*u*~*A*~*u*~ was in the thickness direction of the MSMPMC in a neutral position. By calculating the projective point of the MSMPMC tip point on line *Z*~*u*~*A*~*u*~, the bending displacement of the MSMPMC could be obtained. Assuming the coordinate of tip point *Z*~*d*~ was , the coordinate projective point *A*~*d*~ on line *Z*~*u*~*A*~*u*~ could be obtained by using the following equations:

The coordinates of the two corners *X*~*u*~, *Y*~*u*~ of the tip were measured as and . The twisting angle *θ* could be obtained by calculating the angle difference between vector *X*~*u*~*Y*~*u*~ and vector *X*~*d*~*Y*~*d*~:
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![Properties of an IPMC made with Nafion™ membrane.\
(**a**) An IPMC sample in the evaporating pan. (**b**) A scanning electron microscopy (SEM) image of a cross-section of IPMC. The IPMC consists of the electrode on both sides and the polymer membrane between them. (**c**) An illustration of the IPMC operating principle. Deformation will occur if an electric field is applied across the IPMC, which causes the ions to redistribute along with the water molecule. The size of the IPMC is 50.78 mm in length, 9.82 mm in width and 0.53 mm in thickness. (**d**) Continuous deformation of IPMC in one cycle under the voltage of 2.6 V amplitude and 1 Hz frequency. (**e**) Input voltage, output current, and displacement of IPMC versus time under the above voltage input.](srep24462-f1){#f1}

![Nafion™ fiber demonstrating quadruple shape memory cycles with a 1-g weight on the tip.\
Triple shapes of the Nafion™ fiber, 99.87 mm in length and 0.95 mm in diameter, were programmed with loops having different shapes wrapping around a metal rod in the water. The fiber with original shape, S0, was wrapped and programmed at 85 °C and fixed at 75 °C to achieve the first programmed shape, S1. The second shape, S2, and third shape, S3, was programmed at 70 °C, 55 °C and fixed at 60 °C and 21 °C, respectively by wrapping around the rod with different cycles. Then, the Nafion™ fiber was reheated. The Nafion™ fiber recovered to S2′, S1′, and S0′ upon reheating to 55 °C, 70 °C, and 85 °C, respectively.](srep24462-f2){#f2}

![Programming of MSMPMC.\
(**a**) The original shape of MSMPMC. The length, width, and thickness of the MSMPMC were 51.81 mm, 10.49 mm, and 0.60 mm, respectively. The tip of the MSMPMC was painted white to facilitate image analysis. A side line was painted on the MSMPMC to distinguish the deformation. (**b**) The first shape of the MSMPMC was programmed by heating at 85 °C and cooling at 70 °C. The MSMPMC was wrapped around a rod during the programming. (**c**) The second shape of the MSMPMC was programmed by heating at 60 °C and cooling at 22 °C.](srep24462-f3){#f3}

![A MSMPMC actuator with multiple degree-of-freedom deformation.\
The sample was under a sinusoid AC voltage of 3.7 V initial amplitude and 1 Hz frequency. The water was heated from 22 °C (room temperature) to 90 °C.](srep24462-f4){#f4}

![MSMPMC 3D motion trajectory.\
(**a**) 3D position track of MSMPMC actuator. The applied sinusoid AC voltage has 3.7 V initial amplitude and 1 Hz frequency. The measured temperature increased from 34.9 °C to 84.3 °C. (**b**) 3D motion of the MSMPMC tip line.](srep24462-f5){#f5}

![Deformation of MSMPMC.\
(**a**) Bending displacement and temperature of MSMPMC versus time under an external electrical input of 3.7 V initial amplitude and 1 Hz frequency and thermal input from 34.9 °C to 84.3 °C. (**b**) Twisting angle and temperature of MSMPMC versus time under external electrical and thermal input.](srep24462-f6){#f6}

![Impedance response of MSMPMC.\
(**a**) Measured voltage response of MSMPMC versus time. The initial amplitude of sinusoid voltage input was 3.7 V and the frequency was 1 Hz. (**b**) Measured current response of MSMPMC versus time. (**c**) Electrical impedance of MSMPMC versus temperature.](srep24462-f7){#f7}

![Experimental setup.\
The experimental setup used for measuring thermal and electromechanical responses of the MSMPMC actuator.](srep24462-f8){#f8}
